Controlling the morphology of magnetic nanoparticles and their spatial arrangement is crucial for manipulating their functional properties. The commonly available inorganic processes for the synthesis of uniform magnetic nanoparticles typically require extreme reaction conditions such as high temperatures or harsh reagents, rendering them unsuitable for making functionalized magnetic nanoparticles with tunable properties controlled by biomolecules. Biomimetic procedures, inspired by the production of uniform magnetite and greigite crystals in magnetotactic bacteria, provide an alternative method, which can allow synthesis and spatial arrangement under ambient conditions. Mms6, an amphiphilic protein found in magnetosome membranes in Magnetospirillum magneticum strain AMB-1, can control the morphology of magnetite nanoparticles, both in vivo and in vitro. In this work, we have demonstrated the patterning of Mms6 and the formation of patterns of magnetic nanoparticles on selective regions of surfaces by directed selfassembly and control over surface chemistry, enabling facile spatial control in applications such as high density data storage and biosensors. Using microcontact printing we have obtained various patterns of 1-octadecane thiol (ODT) and protein resistant poly(ethylene glycol)methyl ether thiol (PEG) layers on gold surfaces. Atomic force microscopy (AFM) and fluorescence microscopy studies show the patterning of Mms6 on the ODT patterns and not on the PEG regions. Magnetic nanoparticles were grown on these surfaces by a co-precipitation method over immobilized protein. AFM and scanning electron microscopy (SEM) results show the localized growth of magnetic nanocrystals selectively on the Mms6 template, which in turn was determined by the ODT regions. Magnetic force measurements were conducted to assess the localization of magnetic nanoparticles on the pattern. 
Introduction
Ordered assemblies of magnetic nanoparticles are of particular interest in the elds of high density data storage, 1 and sensing.
2
Magnetic properties of arrays of magnetic nanoparticles depend on the crystal properties as well as the physical structure of the assemblies. 3, 4 These assemblies can be created by combining bottom-up processes to control crystal morphology with topdown processes to control the physical structure.
5
Conventional synthesis procedures for magnetic nanoparticles do not allow for easy control over crystal morphology, especially under ambient conditions. By contrast, biomineralization of chains of uniform magnetite nanoparticles in magnetotactic bacteria occurs under ambient conditions in vivo. 6, 7 An ensemble of biomolecules is thought to be involved in the formation of these structures.
8 Mms6, an amphiphilic protein found in the magnetosomes of Magnetospirillum magneticum, can control the size, shape and monodispersity of magnetite nanoparticles, both in vivo 9,10 and in vitro 11,12 using a room temperature co-precipitation (RTCP) method. While with the RTCP route, larger magnetite nanoparticles are formed in the presence of Mms6, [12] [13] [14] with other synthesis methods such as the partial oxidation of ferrous hydroxide (POFH) route, in the presence of Mms6, the reverse has been observed.
13,15
Galloway et al. further concluded that for obtaining either magnetite or cobalt ferrite particles in the single domain range, RTCP is preferred as POFH produces multi-domain particles.
15
The difference in particle sizes observed in the two routes was attributed to the difference in the concentration of OH À ions in the reaction mixture 15 and might potentially also be the result of the higher temperatures ($80 C) used in the POFH method that might have a detrimental effect on Mms6 activity. Recent work by Oestreicher et al. has shown the localization of Mms6 in the magnetosome during the crystal growth, wherein it was found to be in direct contact with the crystals indicating its signicance in their formation. 16 Using in situ liquid cell High Angle Annular Dark Field-Scanning Transmission Electron Microscopy (HAADF-STEM), Kashyap et al. reported the surface localization of ferric ions on the negatively charged Mms6 micelles, which forms an amorphous precursor phase to iron oxide, upon slow addition of NaOH. Further, in the presence of Mms6, nucleation was observed only on the Mms6 micelle surface and not in the bulk. In contrast, in vivo studies have shown that Mms6 is not involved in the nucleation, but only in the crystal growth.
16,17
The hydrophilic C-terminal domain of Mms6 plays a critical role in the formation of these particles.
9,11,18 m2Mms6, a synthetic C-terminal domain mutant of the wild type Mms6, does not template the formation of larger, uniform magnetite crystals.
11 With respect to the wild-type Mms6, this mutant has its C-terminal domain altered such that it has the same hydropathy prole, but the amino acid residues containing hydroxyl groups and carboxyl groups have been shuffled with respect to each other.
18 Wild-type Mms6 is known to form micelles in aqueous solutions, with the glycine-leucine repeats and the bulky hydrophobic groups on tryptophan residues in the N-terminal being crucial to this self-assembly. 18 In addition, structural changes at the C-terminal domain in the mutant reduces iron binding signicantly and alters the assembly of the protein, which suggests that the C-terminal domain plays an important role in the formation of these micelles. 18 Further, unlike m2Mms6, Mms6 has been observed to form network-like structures and template the formation of magnetite nanoparticles on hydrophobic surfaces.
19
Several templates have been used for fabricating 1-D magnetic nanowires of metals and alloys, such as porous anodic aluminum oxide (AAO), 4, 20, 21 silicon nanowires fabricated by chemical etching 22 and nuclear etched nanoporous polycarbonate lms.
3 These techniques are limited in their abilities to create a wide range of physical structures for templating ordered assemblies. Further, electrodeposition, used for depositing the magnetic material on these AAO templates, lacks the control over the formation of crystals provided by the biomineralization routes. 23 In contrast, so lithography can create complex templates with multiple functionalities 24 and has been extensively used to create patterned surfaces for immobilizing proteins and cells.
25-27
Arrays of Mms6 on surfaces have been created by microcontact printing and interferometric lithographic patterning of a cysteine-tagged protein (with an N-terminal thiol group) on Au surface via thiol-Au interactions 28, 29 or by covalently attaching the protein to a self-assembled monolayer of carboxylterminated alkane chains. 30 While the former requires genetic engineering of the protein, the latter lacks the required specicity. Further, such covalent binding of the protein can alter its structure and hence the function, which was not addressed in the above studies. Considering Mms6's isolation from the magnetosome membrane, 9 its integration into liposomes, 11 and its interaction with hydrophobic surfaces without loss of biomineralization activity, 19 it is desirable to create Mms6 patterns by non-covalent interactions between Mms6 and hydrophobic surfaces. Previous works [28] [29] [30] on fabricating patterns of magnetite via the patterns of Mms6 have used POFH to induce the formation of magnetite although the role of Mms6 in this synthesis route is not clear at the higher temperatures used, as mentioned earlier. 15 No control groups for studying the role of immobilized proteins on the formation of magnetite nanoparticles were considered in these studies. Hence, it is not clear whether the results obtained with POFH are specic to Mms6 or whether any immobilized protein could produce the same result.
In this work, we demonstrate, for the rst time, a room temperature facile synthesis method to create surfaces with patterns of magnetic nanoparticles using a bioinspired route involving the biomineralization protein Mms6. To study the specic effect of protein structure on the formation of these assemblies, two control proteins (m2mms6 and Bovine Serum Albumin) have been used. We have capitalized on the immobilization and network formation of Mms6 on hydrophobic surfaces as opposed to hydrophilic surfaces, based on our previous work 12, 19 to create the patterned substrates. A template stripped gold surface was patterned with a hydrophobic selfassembled monolayer of 1-octadecane thiol (ODT) by microcontact printing and backlled with a protein resistant poly(-ethylene glycol) methyl ether thiol (PEG) layer. These surfaces were used as templates for the assembly of Mms6 and the subsequent assembly of magnetic nanoparticles. Our results in this work show that the ODT-PEG pattern can direct the assembly of Mms6 and the pattern is retained even aer RTCP and the magnetic nanoparticles are localized mainly in the ODT/Mms6 regions.
Materials and methods

Materials
Poly(dimethyl siloxane) (PDMS) pre-polymer, Slygard 184 Silicone Elastomer Kit, was purchased from Dow Corning Corporation. 1-Octadecanethiol (ODT), poly(ethylene glycol) methyl ether thiol (average M n ¼ 800), iron(III) chloride hexahydrate (FeCl 3 $6H 2 O, $98%), iron(II) chloride tetrahydrate (FeCl 2 $4H 2 -O, 99.99%), lyophilized Bovine Serum Albumin (BSA) powder (Cohn fraction V), Tween-20 and Pluronic® F-127 were purchased from Sigma-Aldrich. Potassium chloride (KCl, $99%) and Tris base ($99.8%) were purchased from Fisher Scientic. Anti-6X His tag antibody (FITC) ab1206 was purchased from Abcam. TALON Metal Affinity Resin was purchased from BD Biosciences.
Recombinant Mms6 and its mutant m2Mms6 were expressed and prepared as reported earlier.
12, 18 The proteins were obtained at 0.2 mg mL À1 concentration in 25 mM Tris and 100 mM KCl buffer at pH ¼ 7.5. Both proteins were expressed in E. coli and extracted from cell lysates under denaturing conditions by way of their N-terminal poly-histidine tags using TALON affinity resin. The proteins were refolded at 4 C by a sequential dialysis protocol to remove the urea in incremental steps over a period of about 18 h. An anti-His antibody (rabbit polyclonal) conjugated with FITC was used to uorescently tag the poly-histidine, as a way of identifying Mms6 on the surface. BSA and m2Mms6 were used as control groups for studying Mms6 assembly on the patterned surfaces.
PDMS stamp
PDMS (poly(dimethyl siloxane)) stamps were prepared by standard so lithography techniques. 31 Masks for different patterns were drawn in AutoCAD and printed on mylar by FineLine Imaging, Colorado Springs, CO. Negative SU-8 was developed on Silicon wafer and subsequently, PDMS stamps were cast on the Silicon template by curing the pre-polymer at 70 C for 2 h.
Surface preparation
Schematic of the process followed to obtain the patterns of magnetic nanoparticles is shown in Fig. 1 . Template-stripped gold on glass substrates were prepared as described before.
19
ODT was applied to the patterned side of the PDMS stamp by a cotton swab and the excess was dried with nitrogen stream. The ODT soaked stamp was pressed on the gold surface for 2 min. The sample was then washed with ethanol and placed in the PEG solution for 2 h. The surfaces were again rinsed with ethanol and dried with nitrogen.
These surfaces were treated with the proteins as described earlier.
19 Briey, 30 mL of the protein solution was dropped on the surface and stored at 4 C under humid conditions, overnight. The samples were then washed in 0.2 wt% Tween-20 solution in buffer, rinsed with ethanol and dried with nitrogen. For uorescence studies, 20 mL of anti-6X His tagged antibody was incubated on the protein patterned surfaces overnight. The samples were then washed in 0.2 wt% Tween-20 solution in water, rinsed with ethanol and dried with nitrogen.
Magnetic nanoparticles synthesis
Magnetite nanoparticles were grown on the protein patterned surfaces by co-precipitation as described earlier. 19 In brief, 0.25 M FeCl 2 , 0.5 M FeCl 3 and 25 wt% Pluronic F127 solution were mixed in 1 : 1 : 2 volume proportions. The sample surfaces were placed in a 24-well plate in a glovebox, under argon atmosphere. Then 0.3 mL of this solution was dropped on the protein coated surfaces. Aer 2 h, the pH of the solution was raised by adding 0.6 mL of 0.1 M NaOH and the resulting magnetite nanoparticles were allowed to grow for 5 days at the ambient temperature. The well-plate was kept covered throughout the synthesis, except when necessary, so that the reactants do not evaporate. The glovebox was purged periodically with argon to Fig. 1 Outline of the pattern generation process for growth of magnetic nanoparticles. An ODT-PEG pattern is formed by microcontact printing on a template-stripped gold surface (a-c). A drop of protein is incubated on the resulting surface (d) and subsequently, magnetite nanoparticles are grown by co-precipitation method (e). avoid oxidation of the formed particles. The samples were washed in 0.2 wt% Tween 20 in deionized water (Millipore, MILLI-Q water system), rinsed with ethanol and dried with nitrogen.
Measurements
Atomic force microscopy images were acquired by Nanoscope III Digital Instruments AFM (Veeco) and Bruker TESPA probes under tapping mode. MFM images were obtained at the Center for Nanoscale Materials at the Argonne National Lab, by a Scanning probe microscope, VeecoMultiMode 8 and Bruker MESP probes. Both AFM and MFM images were analyzed using Nanoscope Analysis soware.
Step heights were measured by cross sectional analysis with heights averaged over ten different rectangular areas (1 mm Â 20 mm). Fluorescence images were captured with a CoolSNAP EZ camera, from Nikon Eclipse TE2000-E microscope with a 10Â objective and HQ Wide Blue lter. Patterning of magnetite nanoparticles on the surfaces was examined with scanning electron microscopy (SEM, FEI Quanta 250). Backscattered electron images were taken with an accelerating voltage of 3 kV. X-ray photoelectron spectroscopy (XPS) surface analysis was performed with a PHI 5500 spectrometer using Al-Ka1 radiation with a 45 electron collection angle, corresponding to the maximal penetration depth of about 10 nm. Au4f 7/2 peak (84 eV) was used to calibrate the data and CasaXPS was used for tting the models.
Results and discussion
Microcontact printing was used to make different patterns of ODT and PEG on the template-stripped gold surface. Speci-cally, stripes of 30 mm of ODT separated by 30 mm PEG, stripes of 4.5 mm of ODT separated by 2.5 mm of PEG and 50 mm Â 50 mm squares of PEG separated center-to-center by 100 mm, with ODT between the squares were created. The samples with the 30 mm stripes and 50 mm square patterns were used for uorescence microscopy and samples with 4.5 mm stripes were used for AFM imaging. These patterns were found to have negligible height difference between the ODT and PEG layers [ Fig. 2(a) ] but provided a clear contrast in hydrophobicity [ Fig. 2(b) ]. This result is useful in analyzing the templating action of the pattern, as any subsequent height difference would be due to the difference in surface treatments and not the initial ODT-PEG template itself. Tapping mode AFM images for 4.5 mm Â 2.5 mm striped patterned surfaces treated with different protein solutions are presented in Fig. 3 and 4 . For the patterned surfaces treated with a protein-free buffer, the PEG layer is on average 3 nm taller than the ODT layer [ Fig. 3(a) , Table 1 ]. The increase in the PEG layer height compared to the bare template is likely to be caused by the swelling of PEG in water. 32 However, patterned surfaces with Mms6 showed the protein coated ODT layer to be on average 5 nm (measured from edge to edge) taller than the PEG layer [ Fig. 3(b) , Table 1 ]. For the ODT-PEG patterned surfaces treated with m2Mms6, the m2Mms6-ODT layer was slightly shorter compared to Mms6, at 2.3 nm from PEG layer [ Fig. 3(c) , Table 1 ]. Similar surface proles were observed for the surfaces treated with BSA and buffer [ Fig. 3(a) and (d) ], indicating the importance of the structure of Mms6 in its integration into the hydrophobic layers. Mms6 also formed a network-like structure [ Fig. 4(b) ] on the ODT layer similar to that seen on uniform ODT coated surfaces.
19 m2Mms6, having the same hydropathy Table 1 Average step heights computed from cross-sectional analysis of AFM images for the protein patterned surfaces. Heights were measured from edge of the ODT layer to the edge of the PEG layer on the boundary. Fig. S3 gives an example of the sectional analysis followed to obtain these results prole as Mms6, was also templated by the pattern, but the network structure within the ODT layer was absent [ Fig. 4(a) ]. This result shows the inability of m2Mms6 to form a network structure [ Fig. 4(a) ] on hydrophobic surfaces as shown in previous studies. 19 This observation is consistent with the relaxed structural integrity of m2Mms6 multimers and isolated m2Mms6 terminal domains.
Protein
12,18
The patterns used for uorescence studies were 30 mm Â 30 mm stripes and 50 mm Â 50 mm squares separated center to center by 100 mm. In the squares pattern, PEG was coated on the square whereas ODT self-assembled in the space between the PEG squares. The uorescence images [ Fig. 5 ] conrm our previous observations 19 that PEG regions effectively blocked the adsorption of Mms6 whereas ODT regions allowed for immobilization of Mms6 by hydrophobic interactions. In the absence of Mms6, no uorescence was observed.
XPS technique was employed to conrm the presence of Mms6 on ODT patterned surfaces. The patterned surface treated with the buffer showed no peak in the N1s region [ Fig. 6(b) ], whereas the surface patterned with Mms6 showed C 1s and N1s peaks that correspond to amine and carboxamide groups [ Fig. 6(a) and 7(a) ]. The C1s peak can be deconvoluted into three peaks corresponding to C-C (285 eV), C-O (286.2 eV) and C]O (287.5 eV) indicating the presence of protein on the surface.
Topographic data from magnetic force microscopy of patterned surfaces, aer co-precipitation without protein do not show templated growth of nanoparticles [ Fig. 8(a) ]. The few large particles dispersed on the surface are probably nonspecic adsorption of iron oxide particles to the surface aer a prolonged period of co-precipitation. The magnetic force microscopy images of the corresponding area also showed no high contrast regions expected of magnetic domains [ Fig. 8(d) ]. Sectional analysis was carried out on the AFM images of these surfaces as shown Fig. S3(b) . † With Mms6, the surfaces showed retention of the templating pattern, with an average edge-toedge step height of 28.9 nm (from PEG layer to the magnetite/ Mms6/ODT layer) [ Fig. 8(b) , Table 1 ]. The magnetic force image pattern corresponds very well with the topographic data [ Fig. 8(e) ]. With m2Mms6 on the surface, the observed particles are randomly scattered [ Fig. 8(c) ]. The low step size of approximately 12.51 nm [ Table 1 ] for these particles suggests that the apparent pattern is mostly due to m2Mms6 on ODT. The corresponding magnetic force microscopy image did not show a contrasting pattern that corresponds to the topographic image [ Fig. 8(f) ] which suggests that the particles formed by RTCP and associated with m2Mms6 are very weakly magnetic. The step height roughly corresponds to the particle size on the ODT layer and the values that we have observed here correspond well with those seen in literature for the RTCP route [11] [12] [13] 15 These results show that RTCP results in particles on the ODTMms6 areas with some magnetic domains, which are absent in the PEG layer and not found with the functional mutant, m2Mms6. The observation of magnetic nanoparticle production templated by Mms6 but not by m2Mms6 on surfaces is consistent with previous observations of magnetite biomineralization mediated by Mms6 and m2Mms6 in the bulk. 11 The changes in the C-terminal domain sequence present in m2Mms6 affect its self-assembly into multimeric complexes that are important for Mms6's function as a biomineralization protein.
18,33
The pattern of nanoparticles grown on the Mms6 surfaces can also be observed by SEM [ Fig. 9(b) ]. The ODT-PEG template by itself did not show any contrast in the backscattered electron image [ Fig. 9(a) ]. The contrast seen in the presence of Mms6 can be attributed to either the protein or the magnetic nanoparticles. Similar contrast was absent in the BSE image of the surface treated with m2Mms6 [ Fig. 9(c) ]. EDS analysis showed the presence of Fe and O on both ODT layer and PEG layer on the surface treated with Mms6 [ Fig. 10 ]. Iron salts are expected to be dissolved in the PEG layer which can potentially cause the iron signal even in the absence of Mms6 on PEG. The ODT layer showed a slightly stronger Fe signal than the PEG layers in the EDS area scans, but due to the low thickness of the magnetite layer compared to the penetration depth of the e-beam, the overall Fe signal was weak. Secondary electron images [ Fig. 10 ] and the backscattered images [ Fig. 9(b) Fig. 11 ]. O1s data also shows the presence of Fe-O bonds with a peak at 530.1 eV. Thus, iron is present in both +2 and +3 states on the surface. The modelled data also shows the presence of C-C, C-O, C-N, C]O and N-C]O bonds with peaks in the C1s region and C-N bonds with a peak in N1s region similar to the ones observed in Fig. 6 (a) and 7(a).
Results from XPS, EDS and magnetic force microscopy characterization, combined with the fact that RTCP method in the bulk in the presence of Mms6 produces magnetite nanoparticles, 12, 15 lead to a conclusion that the magnetic nanocrystals on the patterned surfaces are very likely to be magnetite nanocrystals.
Conclusions
In this work, localized deposition of magnetic particles on patterned surfaces was demonstrated by combining the topdown fabrication process of microcontact printing with the bottom-up approach of self-assembly of the biomineralization protein Mms6 and subsequent templating of magnetic nanoparticles by the protein. Its amphiphilic structure is consistent with assembly of Mms6 on hydrophobic surfaces, and the network-like structure of the protein is likely promoted by the self-assembly properties of the C-terminal domain. Both properties of Mms6 contributed to its localization on the ODT regions of the patterned surfaces, and its templating the formation of magnetite nanoparticles selectively on the ODT patterned surfaces. PEG effectively blocked non-specic adsorption of Mms6 and magnetic nanoparticles localized mainly in the ODT regions with Mms6.
The synergistic approach described here can be used to create functionalized surfaces with tunable magnetic properties. Patterns of hydrophobic self-assembled monolayers and proteinresistant layers with smaller dimensions can be created using nanocontact printing 34 or interference lithography. 35 The PEG layer can be further functionalized with different moieties, providing an additional tunable parameter. Magnetic properties of the resulting structures can also be enhanced by doping with a high coercivity ferromagnetic material like cobalt.
14 These functionalized surfaces with arrays and patterns of magnetic nanoparticles can provide tunable magnetic properties and have many applications in high density data storage and sensors.
